I. Introduction
The paper describes the technique of sliding-mode control design for flexible structures. As in all sliding mode control approaches, the main idea is in specifying the systems constrained on the manifold in the state space where it has the desired properties. It is demonstrated that the model of flexible structures in the form of the second order partial differential equation describing longitudinal and tortional oscillations can be t r a n s formed into the system of differential-difference equations. Furthermore a class of flexible structures describing bending vibrations of flexible beams with fourth order spatial partial derivatives also can be represented in the second order form by means of integral transformation.
Sliding-mo des in differential-difference systems
For our puposes we study a class of composite systems, comprized of blocks of ordinary differential equations coupled with blocks with delay elements in them.
Configuration A
We consider two configurations:
Configuration B
It is assumed that x E Rnl, z E R"' and U E Rm. A l l , A12, A21, A22, Bo are matrices of appropriate dimensions. The matrix A12 which is not necessarily a full rank matrix, can be represented in the form:
where B1 and C2 have full column and row rank respectively. Under the assumption that the pairs ( A l l , B1) in both configurations are controllable and the systems (C2,A22, Bo) are invertible we consider v = C2z as a new control variable in (l) , (3) and as output variable for (2) and (4).
In Configuration A sliding mode control U ( . ) is used to provide the desired motion in the first block (1). Since the second block (2) is difference system under invertibility condition it is possible to find a control U which provides the desired discontinuous function on the output U ( . ) = C2t . For the system Configuration B the design procedure is different. On the first step a linear control law v = D z ( t ) is sought to establish stability for the difference system (3). Then the problem is to steer S = D z ( t ) -Czx(t) to zero. We solve this problem in the class of sliding-mode control algorithms.
Second order systems
As an illustration of the particular strategy introduced here we accomplish the design of stabilizing sliding-mode controller for a unit length rod with unit mass on one end and control force/torque applied to the other end. The output variable y ( t ) = Q ( t , 1) can be expressed in the time domain as
which can be represented as Configuration A:
The strategy described above leads to the stabilizing control law: If the force/torque is distributed along the structure in accordance with the density cp(z), which is the case of piezoelectric actuators, then the structure is described by the equation;
If p(z) is a quasipolinomial, the Laplace transform of the boundary value problem solution is again as in (9) multilied by S ( p ) . As in the previous case a differentialdifference equation can be generated.
IV. Euler-Bernoulli beam
Models describing bending vibrations as a rule have fourth order spatial derivatives. The corresponding transfer function, in contrast with (9), is not a ratio of the two quasipolinomials of p . Therefore the structure can not be described directly by differential-difference system.
The main idea of our approach is to reduce the order of the controlled part of the system by applying an integral transformation:
Here P(1, () is a new controlled variable and ( is a new independent spatial variable (0 5 < < m). (0, z) . This possibility is an additional degree of freedom that can be used to assign the desired value of p(<) and "convinient" boundary conditions for (16). The other restriction imposed on V(0, z) is that the transformation (17) should be nondegenerating in the sense that P 3 0 must imply &EO.
(16).
V. Conclusions
In this paper we have introduced a new approach for vibration damping in flexible structures based on the sliding-mode control approach. Previous use of this approach has been for finite dimensional (approximate) models of flexible structures. Here, we retain the infinite-dimensional model for the structures and investigate exact solutions using sliding-mode control.
Sliding mode algorithms considered make the closed loop system highly insensitive to external disturbances and parameter variations. Furthermore, from the applications viewpoint, the models considered are particularly appropriate for the utilization of distributed actuation and may be used in "smart structures".
